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II. SCHEMATIC FLOWSHEET FOR THE CONVERSION
HIGH-PURITY METAL. . . . . . .
DIRECT OXIDE REDUCTION PROCESS
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INTRODUCTION
The use of electrorefining (ER) for the routine processing of impure plutonium metals and alloys to high-purity metal has been an established procedure at Los Alamos since 1964. During the period [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] 1930 kg of metal fabrication scrap of <99% purity was converted to 1568 kg of high-purity plutonium 1 metal, >99.95% purity, in 653 runs.
The use of direct oxide reduction (DOR) procedures for the routine processing of plutonium dioxide to metal is a fairly recent inovation. Processes for the conversion of 200-g batches of 238Pu02 and 239Pu02 to metal were developed in 1975-1976. 2 The process was later extended to the 400-and 700-g scale for 3 239Pu02 operations.
For the past 3 years, we used the combination of DOR/ER for the routine re239Pu02 to high purity metal. cycle of impure
The recent shortage of plutonium 4 metal, the availability of plutonium oxide scrap, and the cost effectiveness of the process have resulted 
III. DIRECT OXIDE REDUCTION PROCESS
Basic Principles A review of processes for reducing plutonium compounds to metal is given in Ref.
2. Most plutonium facilities react either PuF4 or a mixture of (75 mol% PuF~-25 mol% P.u02) with calcium. An initiator of (Ca + 12) or a pyrotechnic initiator is used in the PuF4 reductions.
There are many advantages to reducing PU02 directly to metal. They include (a) Ease of preparation of PU02. Plutonium metal and all "of its compounds, except the phosphate, are converted to PU02 when they are heated in air.
(b) Availability of PU02. Plutonium dioxide constitutes the bulk of scrap materials in storage. The usual form is foundry oxide, which is quite unreactive
and cannot be converted to PuF4 by conventional hydrofluorination procedures.
This oxide, however, can be reduced by DOR. Physical Properties. We have no physical property limitations on the oxide feed. High-fired, unreactive oxides, as well as the more reactive oxides prepared by the calcination of oxalates and peroxides, can be reduced to metal 2 with high yields.
Most of the oxides we process are either foundry oxides, resulting from the burning of plutonium casting skulls, or impure oxide resulting from the calcination of PU2(C204)3"XH20. This latter oxide is usually the product from the recovery of plutonium wastes by aqueous methods. 
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material managers in selecting processing routes. Oxides that meet these specifications are processed by DOR/ER. In most cases, product metal purity retirements and electrorefining limitations set the specifications.
As shown in Table I , some of the specifications are based on experimental data. In other cases, (zirconium and thorium)~p hase diagrams were used to calculate the concentration of the elemental impurities that would permit 90% depletion of the plutonium anode before solidification occurs at 750°C. Table I serves only as a guide. The limitations on purity are probably conservative and might be changed if operational data show they are too restrictive.
The specification for plutonium concentration is that the plutonium value should be equal to or greather than 85%. This corresponds to an oxide purity of 96.4% for the usual isotopic mix. Again, this number is a guide for screening oxide feeds. More definitive work could result in a relaxation of this criterion.
c. Equipment and Materials
The oxide reduction equipment is shown in The magnesia crucibles are highly vitrified bodies and are fabricated commercially.
The calcium chloride is Mallinckrodt's 4104 Anhydrous Calcium Chloride. Before using, we dry it under vacuum at 225°C for approximately 5 days and then isostatically press it into cylinders.
The calcium metal is Pfizer's Redistilled-Grade, 6-mesh nodules. Regardless of mechanism, the result is a poor reduction yield.
These runs generally must be rerun with a fresh CaC12 salt cake.
F. Results
The results of a typical plutonia reduction are given in Table II . Typically, 700 g of oxide feed containing 595 g of plutonium is reduced to metal with a yield of 99.5%. The plutonium held up on the tantalum stirrer is recycled to the next run. Essentially no purification is achieved in DOR. The product contains all of the impurities present in the oxide feed plus those introduced by DOR reagents, namely, calcium, boron, and carbon (see Sec. V).
More than 250 kg of impure oxide have been converted to impure metal by DOR. 
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-i Net Reaction: Pu (impure, Q)~Pu (pure, Q).
Briefly, feed at the an-
The process is done at 740°C in a molten salt consisting of NaC1-KCl-PuF3, under .. Table I , most of the oxide chemical specifications are based on ER empirical results. In some cases (zirconium, thorium, and carbon) phase diagrams were used to calculate the initial impurity concentration in the feed metal that would permit 90% anode depletion. Thus the data in Table I serve as a guide only and any change in operating conditions can affect the extent of anode depletion. In addition, the values in Table I can be changed when empirical results indicate that it is appropriate.
c. Equipment and Materials
The electrorefining equipment is shown in Fig. 5 . The process is performed in a double-cupped magnesia crucible. As in DOR, the crucible is contained in a tantalum safety can and a stainless steel loading can. The loading can is contained in an identically sealed furnace tube and heated by an identical resistance furnace (Lindberg Model 6015S) as in the DOR process (see Fig. 2 ).
A schematic of the electrorefining cell is given in Fig. 6 . The electrore- Operating Procedure
The plutonium feed to
The ingot is placed in the to the tantalum safety can, the process is approximately a 4-kg cylindrical ingot.
inner cup of the crucible. The crucible is loaded inwhich is tnen placed in the stainless loading can.
The assembly is then lowered into the Eurnace tube. The 1400-g salt casting is placed, hole up, on top of the inner ccucible cup. The PuF4 reagent is poured into the hole of the salt casting. The cover, containing the stirrer, cathode, and anode rod is then bolted to the furnace tube. A vacuum is pulled on the furnace tube and the assembly is checked for gas tightness. The furnace tube is then filled with argon gas to 4 psig. The crucible is heated at a rate of 50°C/h to 750"C. If the polarization potentialaexceeds a preset value, the dc current stays off. Thus, the electrorefining is terroinated automatically. This measuring device permits unattended operation of the electrorefining process and terminates ii run before impurities are dissolved. lJpon completion of the electrorefining, the !! stirrer, anode rod, and cathode cylinder are raised from the melt and heating is -.
discontinued. After cooling and unloading, the metal ring product is isolated .
f~~m the crucible and salt. (A typical ring is shown in Fig. 7 .) The anode 7 residue and the salt-crucible residues are processed by aqueous methods.
Typical conditions for a 4-kg scale electrorefining are
The anode feed weighs 4100 g and contains 4000 g plutonium. 14 given in Table III. The amount of PuF4 
E. Discussion and Results
A typical material balance for a h-kg electrorefining run using an impure Pu-1 wt% Ga alloy feed is given in Table IV . The product yield is 82.5%
(loo x 3300/4000). The fraction of anode depletion is 0.90 [(4000-400)/4000].
The metal collection yield is 91.7%
[100 x 3300/(4000-400)].
As discussed in Ref. ,.
collected, exists in several forms. Most of it remains in the product collection zone as unconsolidated plutonium shot. Some metal reacts with the crucible wall to which it adheres. +3 A smaller amount is unreduced Pu .
Purification results from a quite impure metal feed are given in Table V. (T~ical results are given in Sec. V.) This table emphasizes the tremendous purification capabilities of the electrorefining process. Product purity is essentially insensitive to the purity of the feed metal. The only real requirement for the feed is that it be molten or contain a single liquid and solid phase at the temperature of the electrorefining.
For discussion of this point, see
Refs. 1 and 6. 
CONVERSION OF IMPURE PLUTONIA TO
The flowsheet for the conversion given in Fig. 8 operation, the only losses in the process are the residues from DOR and ER. The overall product yield is therefore 82% (82.5% x 0.995). A plutonium material balance for the combined flowsheet is given in Table VI . Residues, g Pu 700
The flowsheet of Fig. 8 has'been used to process approximately 250 kg of impure oxide to high-purity metal. Typical purification results are given in Table VII where the purities of an impure oxide feed, impure metal, and high purity product uetal are compared. The table demonstrates the excellent purification that can be achieved in the combined DOR/ER process.
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